A structure-activity relationship has been established for eight hydroxy-2,3-diarylxanthones (XH) bearing hydroxy groups on the two aryl rings. One-electron oxidation by superoxide radical-anions ( ∑ O 2 -) and ∑ Trp radicals as well as reaction with ∑ CCl 3 O 2 and ∑ CHCl 2 O 2 radicals demonstrates that two OH groups are required for efficient antioxidant reactivity in cetyltrimethylammonium bromide micelles. Hydroxy groups at the meta and para positions on either of the two phenyl rings confer enhanced reactivity, but XH bearing an OH at the para position of either phenyl ring is unreactive. While oxidation is favoured by OH in both meta and para positions of 2-aryl xanthone substituents, addition of a third and/or fourth OH enhances electron-donating capacity. In Cu 2+ -induced lipid peroxidation of human LDL, the lag period preceding the commencement of lipid peroxidation in the presence of XH bearing OH at meta and para positions on the 3-phenyl ring is extended to twice that observed with a comparable concentration of quercetin, a reference antioxidant. These antioxidants are also superior to quercetin in protecting human skin keratinocytes against tert-butylhydroperoxideinduced oxidative stress. While XH antioxidant activity in model biological systems is consistent with the structure-activity relationship, their response is also modulated by the localization of XH and by structural factors.
Introduction
Xanthones are natural heterocyclic compounds found in higher plants, such as lichens and fungi.
1 Antiallergic, anti-inflammatory and antitumor activities have been demonstrated for this class of compounds.
2 Among their most interesting properties is their strong antioxidant activity due to the presence of hydroxy groups and/or a catechol moiety at key positions. prenylated xanthones, extracted from mango, have been shown to be powerful antioxidants in animals and humans. 4 These findings have stimulated the synthesis of polyphenolic xanthone derivatives with well-defined chemical structures. 5 A preliminary study on the ability of polyhydroxylated 2,3-diarylxanthones to scavenge reactive oxygen and nitrogen species ( ∑ O 2 -, HOCl, ∑ NO, ONOO -and singlet oxygen) has been performed using chemical methods. 6 In view of encouraging results, a physical chemical study has been performed to specify the fine structural features determining the antioxidant properties of nine 2,3-diarylxanthones (XH) bearing up to 4 hydroxy groups at various sites on the two aryl rings. The first objective has been to determine by means of a fast spectroscopic technique a ranking of their comparative interactions with reactive oxygen species (ROS) in order to establish a structure-activity relationship within this class of molecules as well as to highlight the most promising molecules for further investigation in biological systems. The antioxidant and redox properties of these rather hydrophobic molecules have been assayed in a model multiphase aqueous medium which mimics the complexity of microenvironmental conditions inherent to biological structures. The present investigation has been carried out in cationic cetyltrimethylammonium bromide (CTAB) buffered (pH 7) micellar solutions, using pulse radiolysis to determine reaction kinetics. With this technique one may convert all primary species of water radiolysis into superoxide radical-anions 7 ( ∑ O 2 -), the most abundant ROS produced by cellular oxidation. 8 For purposes of identification, the radicals resulting from the oxidation of XH by ∑ O 2 -, have been compared to those generated by oxidation of these 2,3-diarylxanthones with mildly oxidizing ∑ Br 2 -radicalanions or by repair of neutral indolyl radicals ( ∑ Trp) produced via one-electron oxidation of the aromatic amino acid, tryptophan.
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In addition, the reactivity of the XH with trichloromethylperoxyl and dichloromethylperoxyl radicals has also been determined as the latter can be considered to be models of ROS derived from widely used halogenated organic compounds of environmental impact or as halogenated products of drug-metabolizing liver systems. 10 Also, these may be considered as approximate models for intermediates of lipid peroxidation.
The second objective of this work has been to employ the structure-activity relationship established by physical-chemical means to understand the specificity of these XH antioxidants for control of oxidative processes in two well-established biologically relevant but structurally different model systems. These systems are: (1) human blood LDL and (2) human skin keratinocytes. Initially, we have compared the ability of the various XH to inhibit the Cu 2+ -induced lipid peroxidation of LDL. Subsequently, in cellular studies, cytotoxic effects in keratinocytes were utilized as markers of cell injury. In these measurements with keratinocytes, oxidative stress has been generated by the amphiphilic tertbutylhydroperoxide (tert-BuOOH), a stable organic hydroperoxide. In all cases, the protection afforded by XH has been compared to that of quercetin, one of the most effective natural flavonoid antioxidants in Cu 2+ -induced lipid peroxidation of LDL 11,12 and in oxidative stress-related cytotoxic effects.
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Materials and methods
Physical-chemical studies
The hydroxylated 2,3-diarylxanthones (XH) (Fig. 1) were synthesized as described by Santos et al. 5 (see the ESI †). All other chemicals were of analytical grade and were used as received from the suppliers. D,L-Tryptophan (Trp), tert-BuOOH, quercetin (Q), sodium dodecyl sulfate (SDS), Neutral Red (NR) and cetyltrimethylammonium bromide (CTAB) were purchased from Sigma (St Louis, Mo, USA). Spectroscopic grade dimethylsulfoxide (DMSO), absolute ethanol, tert-butanol, chloroform and carbon tetrachloride were supplied by Merck (Darmstad, Germany). The phosphate buffer (pH 7) was prepared in pure water obtained with a reverse osmosis system from Ser-A-Pure Co. The water from this system exhibited a resistivity of >18 MX cm -1 and a total organic content of <10 ppb. Pure N 2 O and O 2 were used for pulse radiolysis experiments. Absorption spectrophotometry was carried out with Uvikon 922 and Shimadzu UV-2101PC spectrophotometers.
Pulse radiolysis measurements were performed with the Notre Dame Radiation Laboratory 8 MeV linear accelerator, which generates 5 ns pulses of up to 30 Gy. In general, the doses used here were 10-15 Gy. The principles of the detection system have been previously described.
14,15 A Corning 0-52 optical filter, was placed in the analyzing light beam preceding the sample cell to remove all UV radiation at wavelengths <350 nm and to avoid photolysis of the sample. Radical concentrations calculated from at 472 nm, and the radiolytic yield (G value) for ∑ OH in N 2 Osaturated solution has been measured as 0.63 mM Gy -1 (or 0.63 mM kg J -1 ). 16 Solutions for pulse radiolysis were prepared in 10 mM, pH 7, phosphate buffer solutions containing 10 mM CTAB to which were added aliquots of 0.4 M stock solutions of XH in DMSO. To conserve the XH, a microcell (optical path: 1 cm, volume 120 mL and 2 mm i.d.) was used for transient recording. Numerical integrations, carried out in analyses of rate data, were conducted using the Scientist software from Micromath Scientific Software.
Preparation and treatment of LDL
Serum samples were obtained from healthy volunteers. The LDL (d = 1.024-1.050 g mL -1 ) was prepared by sequential ultracentrifugation. 17 The LDL samples were used within 2-3 weeks of preparation. Just before experimentation, LDL was dialyzed twice for 8 and 16 h against 1 litre of 10 mM phosphate buffer (pH 7.4) to remove EDTA and was then diluted to a final concentration of 0.15 mg protein mL -1 (300 nM). Subsequently, 150 mL of 5 mM solutions of XH or of Q in 10 mM phosphate buffer were added to 800 mL of the diluted LDL. Blank LDL solutions without XH or Q were also prepared. The LDL solutions loaded with XH or Q and the reference LDL solutions were then incubated at 37
• C for 15 min. Lipid peroxidation was initiated by adding 50 mL of 100 mM aqueous Cu 2+ solution to produce a final concentration of 5 mM Cu 2+ in the incubation medium. 
Conjugated diene determination and consumption of carotenoids
Conjugated diene formation was monitored by measuring the increase in absorbance at 234 nm which was determined periodically during incubation. Changes in carotenoid concentration during LDL oxidation were also monitored by second derivative absorption spectroscopy in the range 400-550 nm and the amplitude of the second derivative spectrum between 489 and 516 nm was determined. These changes were then expressed as percentages of the initial concentration.
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Cell culture and treatment
The NCTC 2544 immortalized human skin keratinocyte cell line was purchased from ICN Flow (Fontenay sous Bois, France). Cultures were propagated in minimum essential medium with Earle's salts (EMEM) supplemented with 10% foetal calf serum (FCS), 100 U mL -1 penicillin and 100 mg mL -1 streptomycin (weekly passages, 1 : 10 splitting ratio). Cells from trypsinized confluent monolayers were seeded at a density of 15 000 cells cm -2 on plates with 24 wells of about 2 cm 2 each, containing 1 mL of complete medium (EMEM supplemented with FCS). These were grown for 4 days to about 75% confluency. After two washings with 1 mL of phosphate buffer saline (PBS), cells were incubated for 1 h at 37
• C with 250 mL of XH in PBS at the desired concentration. Then, after addition of 5 mM tert-BuOOH (from 0.125 M stock solutions in PBS) and incubation for 2 h with the oxidant, cells were washed and further incubated for 2 h at 37
• C in complete medium. After two washings with PBS, the challenged cells were submitted to the viability assay with Neutral Red (NR). The 2 h lag between treatment and assay was chosen to allow the initial damage to propagate but was short enough to avoid important proliferation of undamaged cells (population doubling time is about 1 day) which may obscure the effect of the oxidative stress.
Neutral Red uptake assay
The cytotoxicity of tert-BuOOH on NCTC 2544 keratinocytes, was determined by the NR uptake assay.
12, 13 The day before the assay, a saturated aqueous NR solution was diluted (1 : 80 v/v) with complete medium and left overnight at 37
• C. Just before use, this NR solution was centrifuged twice to eliminate excess NR precipitate. Challenged cells were washed and incubated with 250 mL of this NR solution for 2 h at 37
• C. Then, after 3 washings with PBS, 400 mL of a 1% aqueous SDS solution were added to solubilise the cells, and absorbance was subsequently determined at 550 nm in 96 microwell plates. Data are presented as the percentage of NR uptake with respect to that of a control experiment carried out in the absence of oxidant. The data are the mean ± SD of at least three independent experiments, each performed in triplicate.
Results and discussion
Fast kinetics spectroscopy results
One-electron oxidation of XH by
∑ O 2 -radical-anions: characterization of transient absorption spectra of the semi-oxidized XH and reaction kinetics.
∑ O 2 -may be chosen as a good elementary model for ROS in which to evaluate the potential antioxidant activity of XH. In O 2 -saturated 10 mM CTAB micellar solutions containing 0.1 M formate ions, all the primary radical species of water radiolysis (e aq , H ∑ ,
-are found to readily react with XH3, XH6, XH7, XH8 and XH9, producing the transient absorption spectra shown in Fig. 2A ,B.
The XH2 derivative with its single OH substitution on the 2-phenyl ring sluggishly reacts with ∑ O 2 - (Fig. 3) . However, XH4 bearing one OH group in the para position of the 3-phenyl ring, as well as XH5 bearing an OH group in the para position of each phenolic ring, does not react with ∑ O 2 -. The XH1 -the lead structure lacking phenolic hydrogen -is also unreactive. By analogy with other polyphenols, 19 it is concluded that the electron donating activity of these hydroxy groups probably governs the kinetics of the reaction:
The one-electron oxidation of the reactive XH by ∑ O 2 -occurs in these measurements on a 5 ms time scale (Fig. 3 ) and yields rate constants in the range k 1 = 0.4-1.3 ¥ 10 3 M -1 s -1 (see below and Table 1 ). The ∑ X radicals thus formed are rather stable since no appreciable decay is observed on a 50 ms time scale (data not shown).
The assignment of transient spectra in Fig. 2A ,B to the products of one-electron oxidation of XH by ∑ O 2 -was corroborated by pulse radiolysis in N 2 O-saturated CTAB solutions containing 0.1 M KBr. Here e aq and ∑ OH radicals are converted into
, it is commonly used for the one-electron oxidation of various aromatic molecules. Here XH are readily oxidized via the reaction: -and 10 mM CTAB. Dose was 11 Gy. C Absorption spectra of 50 mM XH6 and XH8 in ethanol, in 10 mM phosphate buffer (pH 7) containing 10 mM CTAB and in 1 mM NaOH in water. Optical path: 1 cm.
in competition with the fast ∑ Br 2 -dismutation reaction (rate constant: 2k = 4.3 ¥ 10 9 M -1 s -1 in buffer) which generates a transient absorption spectrum with a shape similar to that obtained by oxidation via ∑ O 2 -. However a lower yield is observed in Fig. 2A for ∑ Br 2 -reacting with XH8. Two factors may contribute to the higher ∑ X yield obtained with ∑ O 2 -as compared to ∑ Br 2 -. First, while the bulk pH is 7, the pH at the water/CTAB micelle interface is~9.5. 20 This basic pH can shift the ionic equilibrium of ground state XH towards the X -species in the region of the micelle interface. For illustration, the ground state absorption spectra of 50 mM XH6 and XH8 in ethanol, in 1 mM NaOH and in buffered 10 mM CTAB, are shown in Fig. 2C . Due to their poor solubility in pH 7 buffer, unstable solutions of all XH are obtained in this medium and are accompanied by precipitate formation, the least soluble XH being those with a number of OH groups £2 (data not shown). In all cases, the red-shift of the longest wavelength maximum absorption of the ionized polyhydroxylated 2,3-diarylxanthones observed at pH 11 is not observed in the CTAB micelles, but the broadening of the XH absorbance at the red edge of the absorption spectra observed for XH6 and XH8 in CTAB suggests the presence of a small concentration of ionized species. As a rule, phenolate forms of polyphenols are more oxidizable than neutral molecules. 19 Secondly, the rate of
-dismutation is several orders of magnitude slower at the basic pH provided by the micellar surface. 21 This behavior can facilitate effective stabilization of ∑ O 2 -by the positively charged micelles, which kinetically favors reaction (1) . Under these conditions, the molar absorbance of the ∑ X radicals at the indicated wavelengths has been determined by pulse radiolysis ( 
given that every ∑ O 2 -which disappears corresponds to the appearance of one ∑ X radical. With the caveat that there is no decay of ∑ X on the intermediate time scale (see above), this equation can be used to fit the kinetic traces in Fig. 3 which represent the growth of the ∑ X transient absorbance at wavelengths convenient for observation.
The rate constant k 1 is a pseudo-first order rate constant in units of reciprocal time. The rate constant k 1 represents the process of one XH molecule reacting with a ∑ O 2 -in a micelle. It thus represents the reactivity of the individual polyhydroxylated 2,3-diarylxanthones with ∑ O 2 -in this well defined system. With the exception of XH6, all other XH are better ∑ O 2 -scavengers than the 3-alkyl-3¢4¢5,7-tetrahydroxyflavones studied by Silva et al. 22 under similar experimental conditions. For example, the XH9 derivative is twice as reactive with ∑ O 2 -as 3-decyl-3¢4¢5,7-tetrahydroxyflavone, the most efficient 3-alkyl-3¢4¢5,7-tetrahydroxyflavone (compare k 1 values in this work and in Table  1 of Silva et al. 22 ). The rate constants k 1 in Table 1 demonstrate quantitatively that not only the number of OH groups but also their positions on the aryl rings govern the kinetics of XH oxidation by ∑ O 2 -. It may be seen that substitution of OH at both meta and para positions on either of the two phenyl rings (XH3 and XH7) leads to increased reactivity, whereas no reactivity is observed with XH5 bearing a single OH group in the para position of each phenyl ring. Interestingly, in the cases of XH6 and XH8 which bear three OH groups, oxidation seems again to depend on the presence of OH groups in both meta and para positions of one of the phenyl rings. A single para OH on the 3-phenyl ring appears to markedly diminish activity. This is best illustrated in the uniquely low value of k 1 for XH6, the only XH with three OH groups in Table 1 bearing such a substituent. Finally, addition of a fourth OH group (XH9) strongly enhances the electron-donating capacity. It should be noted that with the exception of XH6, the order of reactivity of XH with ∑ O 2 -shown here generally agrees with that determined with the NBT test. 6 Clearly, the observed selectivity in -and the magnitude of -the one-electron oxidation of XH are influenced both by the very mild oxidant character of . Depending on the profile of the ∑ X transient absorption spectrum, this process can be monitored either through the growth of absorbance in the 430-440 nm region, or through the decay of ∑ Trp radical absorbance at 520 nm. This behavior is exemplified in Fig. 4 for XH3 and XH8. 25 The relationship between the XH reactivity with ∑ Trp and the number of OH groups as well as their positions on the aryl rings diverges somewhat from that observed with ∑ O 2 -oxidation. This is probably related to the much higher ∑ Trp reduction potential which thermodynamically favours reaction (4). However, again, XH9 is found to be the most oxidizable XH in these two systems.
An estimate of ∑ X radical yield obtained via reaction (4) can be deduced from the absorbance remaining at 520 nm, 400 ms after the radiolytic pulse, when all the ∑ Trp radicals have been consumed by reaction (4) (Fig. 4) . This calculation can be easily performed with knowledge of the transient spectral shape (Fig. 2A,B) and molar extinction coefficients given in Table 1 . One finds that the ∑ X yield obtained from reaction (4) with 200 mM XH3, XH6, XH7, XH8 or XH9 is quite similar to the ∑ Trp formation yield (e.g. G( ∑ Trp)0 .64 mM Gy -1 ) suggesting nearly unit electron transfer efficiency.
Deactivation of halogenated alkylperoxyl radicals by polyhydroxylated 2,3-diarylxanthones. As described above, the potential antioxidant activity of the XH derivatives has been demonstrated towards ∑ O 2 -which can be produced in normal cell metabolism and towards ∑ Trp radicals that may be formed during the deleterious oxidation of essential biomolecules such as proteins and peptides. It is also of interest to elucidate XH antioxidant activity towards harmful radical species which can be generated in the cellular metabolism of drugs or by environmental toxicants. To extend studies into this area, we have chosen trichloromethylperoxyl ( ∑ CCl 3 O 2 ) and dichloromethylperoxyl ( ∑ CHCl 2 O 2 ) as reference radicals. They have been shown to be involved in the hepatotoxicity of carbon tetrachloride 10 and chloroform. These two molecules are not only good models for the general understanding of the toxicology of haloalkane anaesthetics but it may be further suggested that these haloalkylperoxyl radicals are useful models for lipid-derived peroxyl radicals. The inductive effect of the chlorine groups increases their reactivity and places their kinetics in a time range accessible to pulse radiolysis measurements. The ∑ CCl 3 O 2 can be conveniently produced by radiolysis according to the following sequence of reactions: 27 As a consequence, they are expected to react with XH. Transient absorption spectra have been observed with XH3, XH6, XH7, XH8 and XH9 -the only significantly reacting XH -after pulse radiolysis of the above described solution to which XH was added to produce a concentration of 200 mM. Transient absorption spectra were observed under various conditions with XH3 and XH9, chosen as representative XH with two or four OH groups. These are presented in Fig. 5A and B, respectively. Fig. 5B illustrates the similarity of the transient species obtained by reactions of XH with either ∑ CCl 3 O 2 or ∑ CHCl 2 O 2 radicals. In all cases, complex time-dependent changes in the spectral shape occur (inset of Fig. 5A ). The absorption spectra at early times in Fig. 5A ,B are reminiscent of the ∑ X transient absorbance in Fig. 2A,B . However, the change here in the spectral shape over several milliseconds (inset, Fig. 5A ) -especially in the near UV region -suggests the formation of several overlapping initial transient species by the reactions:
At least two main primary reaction paths for oxidation by ∑ CCl 3 O 2 radicals in homogenous solution have been identified in the literature (for a review, see Neta et al. 28 ). Besides the one-electron oxidation at electron donating sites like those of XH, phenolic groups can react with the concomitant formation of the hydroperoxide CCl 3 O 2 H and radicals from XH which differ from those generated by electron transfer. As adducts have been observed in Trp reaction with ∑ CCl 3 O 2 , 29 analogous radical adduct(s) involving XH may be formed which can undergo further radical-radical and/or first order decomposition reaction(s).
The results shown in Fig. 5A ,B and insets in these figures suggest that the oxidation of XH by both ∑ CCl 3 O 2 and ∑ CHCl 2 O 2 follows multiple pathways that may be governed by the differing characters of the various phenolic groups in the five XH (see Table 1 ).
In 
However, the reaction with hydrophobic XH occurs almost exclusively in micelles. Because K is unknown and the reaction rate constant for the radical-radical recombination reaction of
eqn (3) cannot be applied. 22 As illustrated for XH3 and XH9 in the inset of Fig. 5B , the kinetics of initial transient absorbance growths follow an exponential rate law. In addition they are found to be first order with respect to the XH concentration in 10 mM CTAB. As a consequence, the apparent rate constants, k 5 and k 6 , can be determined from such kinetics providing direct comparison of the reactivity of XH under similar concentration and dose conditions ( Table 1 ). The XH reactivities reported in this Table within k 5 or k 6 may be seen to be similar to one another save for XH9 which is markedly more reactive than the others. This order of reactivities is comparable to that found for the repair of the ∑ Trp radical. It again somewhat disagrees with the order of reactivity with reflected by the k 1 values in Table 1 . This apparent discrepancy may be due, as noted above, to the low reduction potential of ∑ O 2 -as compared to those of the strong oxidants, ∑ Trp, ∑ CHCl 2 O 2 and ∑ CCl 3 O 2 . An apparent overall four-fold decrease in reactivity is observed using ∑ CHCl 2 O 2 radicals in place of ∑ CCl 3 O 2 , with the caveat that the pulsed irradiation dose used was somewhat lower in the ∑ CCl 3 O 2 radicals measurements (14 Gy instead of 19 Gy). This is in agreement with the general trend reported in the literature for reaction with other oxidizable substrates (see for example the data of Table 2 in Neta et al. 28 ).
Biochemical and biological results
Cu 2+ -induced lipid peroxidation of LDL. The initial targets for Cu 2+ -induced lipid peroxidation of LDL are the 8-9 Trp residues of ApoB-100. The resulting formation of indolyl radicals ( ∑ Trp) triggers a radical peroxidative chain reaction in LDL lipids which are most probably located in the vicinity of the oxidized Trp residues.
30 Vitamin E and b-carotene and other carotenoids carried by LDL inhibit LDL lipid peroxidation until consumed but they cannot repair oxidized Trp residues. 24 An induction period or lag time is thus observed between the start of the oxidation by Cu 2+ ions and the appearance of characteristic lipid peroxidation products such as dienes. The duration of this induction period depends on the constitutive antioxidant content of LDL. In the four LDL preparations used for this set of experiments, the vitamin E/LDL and b-carotene/LDL concentration ratios (mol/mol) were determined by HPLC to be 7.02 ± 0.85 and 0.43 ± 0.32, respectively.
24 Fig. 6A illustrates the time course of conjugated diene formation after addition of 5 mM Cu 2+ to 240 nM of native LDL in the presence or absence of 0.75 mM XH or Q. It may be seen that under these conditions lipid peroxidation in the absence of XH begins almost immediately after Cu 2+ addition. The time lapse for producing 50% of the conjugated dienes obtained at plateau (CD50) is~70 min. Addition of Q shifts the CD50 tõ 1.5 h whereas XH1, XH2, XH4 and XH5 exhibit little effect on the time course of the diene formation as compared to that of the control solution containing no added antioxidant. By contrast, the other XH derivatives strongly extend the lag period and increase the CDs to more than 2 h; the order of antioxidant effectiveness is found to be Q < XH9 < XH8 < XH7 < XH6 < XH3. The most potent antioxidant in this system, XH3, extends the lipid peroxidation lag period to 90 min compared to the only 40 min lag period for Q. Carotenoid consumption has been monitored under the same experimental conditions (Fig. 6B ) and corroborates the order of antioxidant effectiveness for XH, established with diene formation.
Overall, these data are consistent with the structure-activity relationships established from pulse radiolysis data. However, some observations are at variance with the chemically derived structure-activity relationship. For example, XH3 and XH6 and, to a lesser extent, XH7, are noticeably more potent than XH8 and XH9 in LDL. The opposite trend holds for XH reactivity towards ∑ O 2 -, ∑ Trp or the peroxyl radicals, all in micellar media. On the basis of previous studies, 22 the large variation in the antioxidant effectiveness may be due to differing XH locations in LDL as a result of the combination of hydrophobicity and steric factors. Owing to its four hydroxy groups, the distribution of the less hydrophobic XH9 in LDL is expected to favor location toward the surface of the water-rich outer layer constituted of phospholipids, cholesterol and ApoB-100 apolipoprotein, the later of which envelopes the core lipid particle and contributes to its solubility in plasma.
On the other hand, more hydrophobic XH bearing two OH (XH3 and XH7) or three OH (XH6 and XH8) should favour distribution more deeply into the phospholipid layer where the labile hydrogen sites participating in peroxidative chain reactions are found. Additionally, seemingly subtle changes in structure between isomers are reflected in the activity toward LDL. XH3 and XH7 are isomers as are XH6 and XH8. In chemical experiments, except for ∑ O 2 -, the isomers with two phenolic groups on the 2-phenyl ring appear to be overall slightly less reactive than the 3-phenyl isomers. However in both sets of isomers the 2-phenyl isomer is markedly more protective against lipid peroxidation. These behaviours would seem best explained by selective interactions between XH structure and the LDL lipid monolayer. It may be noted that the redox metal ion-binding capacity of flavonoids such as quercetin participates in their antioxidant properties.
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Direct interaction between the XH hydroxy groups and the added Cu 2+ cannot be excluded. It may contribute to the protection toward the Cu 2+ -induced LDL lipid peroxidation observed here, although there is a large excess of Cu 2+ as compared to the XH concentration.
Since Cu 2+ -induced lipid peroxidation of LDL is a wellestablished and widely used model for testing the antioxidant capacity of molecules, comparison of the antioxidant potential of XH with that of other reference antioxidants can be derived. From the literature one may identify a class of antioxidants of therapeutic interest. Recently attention has focused on edavarone (3-methyl-1-phenyl-2-pyrazoline-5-one), which is active in its phenolic tautomeric form.
32, 33 The latter has been recently authorized in Japan for the treatment of stroke under the name Radicut R . The publications cited suggest that the antioxidant capacity of this molecule is an important factor in its activity. The superiority of XH derivatives over edavarone can be demonstrated by an assessment of its antioxidant capacity, which was carried out with the Cu 2+ -induced human LDL oxidation model. 33 It may be noted that with reference to the antioxidant capacity of the XH -measured as the lag time for the beginning of LDL oxidation at equivalent ratios of 33 ).
tert-BuOOH-induced oxidative stress by XH in NCTC 2544 keratinocytes. In view of the findings presented above, it is of interest to extend the assessment of potential XH antioxidant activity to a more complex biological system than that presented by plasma LDL. Because there are numerous studies on skin cell disorders induced by various agents of oxidative and photo-oxidative stress, human skin keratinocytes have been chosen for further consideration. 17 In addition to membrane lipid peroxidation, ROS have been shown to react in all skin cell compartments and with most cell structures. 34 Because lipid peroxidation is the process most relevant to radical-induced skin damage, tert-BuOOH, a membrane-permeable oxidant has been selected as it acts as a source of oxygen radicals which mimic those encountered in lipid peroxidation. 35 Given the large variety of cellular targets for tertBuOOH reported in the literature, cell death has been chosen as an overall marker of tert-BuOOH oxidative stress. 17 The uptake of NR, a lysosomotropic dye retained by intact lysosomes, was used to assess the viability of the NCTC 2544 keratinocytes subjected to the cytotoxic effects of tert-BuOOH in the absence or in the presence of the nine XH antioxidants. Fig. 7 demonstrates the strong cytotoxicity of 5 mM tertBuOOH towards NCTC 2544 keratinocytes after a 2 h incubation at 37
• C in PBS in the absence of XH. After the initial damage had propagated for 2 h (see "Materials and methods"), less than 20% of cells recovered from injury. Addition of 5 mM XH1, XH2, XH4 or XH5 -the 2,3-diarylxanthones shown to be ineffective in the other systems -provided no protection to the cells. By contrast, addition of only 0.5 mM XH9, XH8, XH7 and XH6 provided some protection to the keratinocytes against the tert-BuOOH-induced oxidative stress with XH9 being the most protective. Little if any protection was observed with 0.5 mM Q or XH3, the most effective against LDL oxidation. However, in the presence of 5 mM of XH9, XH8, XH7, XH6, XH3 and Q, most cells survived. Consistent with the physico-chemical studies, the greater the number of XH hydroxy groups, the more effective the protection is found to be. Perhaps with the exception of XH3 which, nevertheless, is as effective as Q, the superior protection brought to a living tissue by polyhydroxylated 2,3-diarylxanthones is clearly demonstrated in these measurements. 
Conclusions
Polyhydroxylated 2,3-diarylxanthones with at least two hydroxy groups in para and meta positions on the phenyl substituents of the xanthone ring are effective oxy-radical scavengers in aqueous micellar systems. Their powerful antioxidant activity can be extended to more complex biological media or cultured cells undergoing oxidative stress. The structure-activity relationship established via pulse radiolysis experiments generally applies to the biological systems studied. However, the site of XH localization, coupled to structural considerations, appears to be a determining factor which modulates their anti-oxidative activities in these more complex environments. In summary, this study provides a fundamental basis for understanding the powerful antioxidant potential in animals and humans of natural xanthones. These natural products may be readily extracted from mango. 4 As oxidative stress is now recognized as an important component of many pathologies, the polyhydroxylated 2,3-diarylxanthones may be an interesting class of molecules for future biomedical investigations.
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